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The effect of isothermal annealing in Zn vapor or vacuum at 
600°C for various annealing times of the Bridgman-grown 
snl_xMnxTe crystals (degenerate magnetic semiconductor) has 
been studied by magnetic susceptibility and spin resonance 
measurements over the temperature range 77-300 K. The 
annealing in Zn vapor followed by quenching in water is found 
to be very effective for the reduction of Sn vacancies and 
lattice strains, leading to the observation of well-identi-
fied EPR spectra compared with those of the as-grown crystals. 
It is also found that there is no appreaciable difference 
\ 
in the magnetic susceptibility data between the as-grown and 
Zn-annealed crystals, in which Mn ions have nearly identical 
spin quantum number equal to the free ion value of 5/2. 
I. INTRODUCTION 
For lead and tin tellurides, as well as their mixed crystals, 
it has been known that lattice vacancies (or nonstoichiometry) 
introduced during the crystal growth, play an important role in 
determining the conduction type (p or n type), carrier concentration, 
and Hall mobility. Thus these materials are structure-sensitive. 
To control these properties, some annealing processes are performed 
on the grown crystals;1-3) isothermal annealing of a crystal in 
controlled pressures of Te and pb (or Sn), and annealing process 
based on the temperature dependence of the solubilities of excess 
Te or Pb (or Sn) in the lattices. For Mn-doped SnTe crystals, a 
mixed system of Snl_xMnxTe (degenerate magnetic semiconductor), we 
found that the isothermal annealing in Sn vapor followed by quench-
ing is effective for both the reduction of carrier concentration4 ) 
and the detection of EPR signals. 5 ) But later on, Zn vapor as 
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an annealing atmosphere was found to be more effective than Sn 
vapor. 6 ,7) 
For EPR experiments done thus far, annealed Snl_xMnxTe crystals 
with a high electrical conductivity were usually crushed into powder 
simply to reduce the skin effect of a microwave. With this proce-
dure we obtained various interesting results such as the hyperfine 
structure constant and the variation of linewidth with temperature 
and magnetic impurity concentration. 7 ,S) However, such powdering 
may naturally induce strains on the surfaces of samples, which 
could broaden out the resonance signals. Recently we have found 
that even single crystals can be used for the spin resonance exper-
iments when crystalline samples with appropriate size and shape are 
prepared. In the present work, using these crystalline samples we 
have carried through exhaustive EPR studies on isothermal annealing 
of the Snl_xMnxTe crystals. To supplement the EPR data, we have 
also measured the magnetic susceptibilities. 
II. EXPERIMENTAL 
Single crystals of Snl_xMnxTe with a Te-rich ratio were grown 
by the Bridgman technique at a lowering rate of 2 mm/hr; a fused 
silica ampoule, tapered to a point at the bottom, was coated with 
pyrolytic graphite in advance. The Bridgman-grown ingots were 
sliced by a spark-cutting machine into a parallelpiped shape(typi-
cally 1.5 x 1.5 x 8 mm3) for electrical measurements and a cylindri-
cal shape (1.5-1.8 mm OD and 4 mm long) for EPR measurements. For 
magnetic measurements a disk shape (4-5 mm thick and 8 mm OD) was 
used. Since the grown crystals partly consisted of polycrystalline 
portions, all the samples were unoriented. Then the surfaces were 
polished to a mirror-like finish by lapping powders (from 1000-
mesh Carborundum to 0.3 ~m alumina) and finally by chemical etching. 
Some of these as-grown crystals were isothermally annealed in 
a sealed quartz ampoule with or without a piece of zinc metal for 
various times at 600°C and then quenched in water; some were not 
quenched but were cooled slowly to room temperature, which is 
nearly the same procedure as for the case of crystal growth. These 
annealed crystals were again lapped mechanically and etched chemi-
cally prior to each measurement. 
The electrical measurements were done by a dc potentiometric 
method; the results are already reported elsewhere. 6 ,9) The typical 
carrierconcentrationsp at 300 K of undoped SnTe crystals prepared 
by the same conditions (Zn vapor, 600°C, and quenching) but with 
different annealing times are summarized as follows: 9 ) p >6 x 1020 
-3 20 -3 20 
cm for the as-grown, 3.5 x 10 cm for 5 hrs annealing, 2.6 x 10 
-3 20 -3 
cm for 10 hrs annealing, and 1.4 x 10 cm for 2 days anneal-
ing. It is found that the carrier concentration decreases with 
increasing annealing time but it reaches the ultimately lowest value 
of the order of 1 x 10 20 cm- 3 even after annealing for longer than 
2 days. Magnetic measurements were carried out using a vibrating 
sample magnetometer operated at 80 Hz (VSM-3 type, Toei Co.) and a 
conventional X-band ESR spectrometer operated mostly at ~.25 GHz 
(JES-FEIX type, Japan Electron Optics Co.) was used for spin reso-
nance experiments. All the data were taken over the temperature 
range from 77 K to 300 K, with emphasis on the effect of annealing. 
Unless otherwise specified, the 'annealed crystal" is the one prepared 
by annealing in Zn vapor at 600°C for 2 days followed by quenching. 
III. RESULTS AND DISCUSSION 
A. Magnetic susceptibility 
The manganese impurity dissolved in the host SnTe crystal becomes 
a paramagnetic (and EPR) center as shown in Fig. I, where the 
reciprocal susceptibilities of the annealed Snl_xMnxTe crystals with 
various impurity concentrations are plotted as a function of tempe-
rature. Since SnTe itself has a small temperature-dependent dia-
Sn1- X Mnx Te annealed Fig. 1. Temperature dependence of 
the reciprocal magnetic susceptibi-
lity for the annealed snl_xMnxTe 
crystals with different impurity 
concentrations. Arrows indicate the 
right or left scale. Here the 
diamagnetic contribution from the 
host SnTe crystal is subtracted. 
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magnetic contribution (~-4 x 10- 7 emu/Oe·g at 77 K),lO) the magnetic 
susceptibilities of snl_xMnxTe shown here are corrected by subtract-
ing the diamagnetic term from the observed values. As can be seen, 
the susceptibility X follows well the Curie-Weiss law with the Curie 
constant C and the paramagnetic Curie temperature 0, given by 
2 2 X = C/(T - 0}, C = NS(S + l)g ~B 13k, (1) 
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where N is the number of spins per gram, ~B the Bohr magneton, S 
the spin quantum number, g the g-value nearly equal to 2 obtained 
from the EPR results, and k the Boltzman constant. Nearly the same 
results were obtained for the as-grown crystals too. 
In Table I are summarized the values of X at 77 K, the Curie 
constant C obtained from the slopes of the l/X-T curves, and the 
spin quantum number S calculated from C using eq. (1) for both the 
as-grown and annealed samples. We note two characteristic features: 
First, the experimentally obtained spin quantum numbers of the 
magnetic ions are very close to the free ion value S=5/2, regardless 
of the impurity concentration, indicating that the Mn ions are in 
Table I. Magnetic susceptibility X (x 10-6 emu/Oe'g) at 77 K, 
Curie constant C (x 10-4 emu·K/Oe·g) , and spin quantum number S 
for the as-grown and annealed snl~xMnxTe crystals. 
x x C S 
(at.%) 
A 0.61 0.68 2.2 
0.5 
B 0.58 0.81 2.4 
A 1.6 1.2 2.0 
1 
B 1.6 1.5 2.3 
A 7.0 4.2 2.2 
B 6.8 4.2 2.2 
A 14 8.9 2.5 
5 
B 13 8.8 2.5 
A: a~-grown, B: annealed. 
2+ 5 the paramagnetic S-state (Mn ,3d) in the crystal lattices. For 
low impurity concentration, the six hyperfine structure lines are 
resolved in the EPR spectra 7 ) (also shown later in this paper). 
Second, more interesting and important is that there are no appre-
ciable differences, within experimental errors, in the magnetic data 
(X, C, and S) between the as-grown and the annealed crystals. 
B. Spin resonance 
As mentioned before, the usual conditions of our heat treatment 
are the isothermal annealing in Zn vapor at 600°C and quenching in 
water. The typical results of EPR experiments taken at 9.25 GHz 
and various temperatures are shown in Figs. 2, 3, and 4 for the as-
grown and annealed crystals thus prepared with x=O.05 at.%, 0.5 at.%, 
and 3 at.%, respectively. In contrast to the magnetic data which 
are rather insensitive to the heat treatment, the EPR data show 
a marked difference between the as-grown and the annealed samples. 
Though not shown here, characteristic of all the as-grown crystals 
Fig. 2. EPR spectra taken at 
9.25 GHz and various tempe-
ratures for (a) the as-grown 
and (b) the annealed Snl _x · 
MnxTe crystal with x=O.05 at. 
% • 
2'2 3:2 
, I I I 
4.2 3.1 3.2 3.3 
H (koel H (kOel 
Fig. 4. EPR spectra for (a) 
the as-grown and (b) the 
annealed Snl _x Mn Te crystal x 
with x=3 at.%. 
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Fig. 3. EPR spectra for 
75K (a) the as-grown and (b) 
46K the annealed Snl _x Mn Te 11K x 
crystal with x=O.5 at. %. 
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is a small angular dependence of the EPR spectra with respect to a 
static magnetic field applied parallel to a radial direction of a 
cylindrical sample; thus in these figures are shown the spectra 
taken in an arbitrary direction. The presence of the unidentified 
angular dependence of the EPR signals may suggest that there exist 
any lattice strains near the paramagnetic centers in the as-grown 
crystals, which are introduced by the formation of Sn vacancies 
during the crystal growth. After isothermal annealing these strains 
are removed, resulting in the angular independent signals, as is 
the case for all the annealed samples. As in the case of powdered 
samples,7,S) the annealed crystals with low Mn concentration show 
the six hyperfine-resolved lines, while at higher Mn concentration 
the EPR spectra narrow to a single line with the overlapping hyper-
fine lines through dipolar and exchange interactions between Mn 
spins; in this paper it is not our primary purpose to discuss such 
interactions. 
A comparison of the EPR signals for a crystalline sample and 
a powdered sample, both being annealed as above, is shown in Fig. 5. 
The curves shown in Fig. 5(b) were taken after crushing the cryst-
alline sample [the curves shown in Fig. 5(a)] into powder. In the 
Fig. 5. EPR spectra at various 
temperatures of the annealed 
Snl_xMnxTe with x=l at.%; (a) 
crystalline sample and (b) 
powdered sample. 
case of the powdered sample, the line shape is deformed at higher 
magnetic field as the temperature is lowered, and it is generally 
observed that the linewidth 6H decreases exponentially with increas-
ing temperature. Such a temperature dependence is attributable to 
a motional narrowing effect arising from the thermally activated 
motion of Mn ions due to the presence of lattice strains or defects 
produced by powdering;8) similar results are obtained for samples 
prepared in somewhat different way (isothermal anneal after powder-
ing) .11) On the other hand, the linewidth of the crystalline sample 
is found to be almost temperature independent over the temperature 
range studied, as shown in Fig. 6 for the sample with x=l at.%, where 
the g-values are also included [see Fig. 5(a)]. 
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Fig. 6. Temperature dependence of 
the linewidth and the g-value for 
the annealed crystal with x=l at.%; 
the data are taken from the curves 
shown in Fig. 5(a). 
From the present and previous studies, we have found that the 
isothermal annealing of the Snl_xMnxTe crystals in Zn vapor at 600°C 
for 2 days followed by quenching are enough to obtain the ultimately 
lowest carrier concentration and to observe the EPR signals. Now 
we have further attempted to vary such annealing procedures to 
other (intermediate and different) ones, as shown in the following 
figures. Figure 7 demonstrates the results for low Mn concentration 
Fig. 7. EPR spectra of snl_xMnxTe 
as·grown crystal with x=O. 01 at. % at differ-
3.1 3.3 
H (kOe) 
123 K 
(1/20) 
3.5 
ent temperatures as indicated: 
From the above, as-grown crystal, 
annealed crystal at 600°C for 5 min, 
annealed crystal at 600°C for 30 
min, followed by quenching. The 
bottom, the crystal annealed at 
600°C for 18 hrs followed by slow 
cooling to room temperature. The 
number in parentheses is a reduc-
tion ratio of each signal intensity 
relative to the curve for the sample 
annealed for 5 min. 
(x=O.Ol at.%). The as-grown crystal shows a single broadened line 
having a small angular dependence as already mentioned. After 
annealing in Zn vapor for 5 min and quenching, the spectrum turns 
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into the six hyperfine-resolved lines with no angular dependence, 
but the EPR intensity is weak and the SIN ration is low. For 
further annealing, 30 min, the intensity is increased but the signal 
has still a low SIN ratio. The annealing for 2 days (not shown 
here) gives us a good SIN signal, similar to the results shown in 
Fig. 2 (x=0.05 at.%). In order to see the effect of quenching, one 
of the crystals was annealed in Zn vapor for 18 hrs and then cooled 
slowly from 600 0 e to room temperature per 10 hrs (see also Fig. 9). 
The bottom of Fig. 7 shows such an EPR spectrum at 303 K. In this 
case we have also obtained the same resolved lines as in the anneal-
ed and quenched crystals. 
Figure 8 shows the similar results for high Mn concentration 
(x=0.5 at.%). The isothermal annealing was carried out in Zn 
vapor at 600 0 e for different annealing times as indicated, followed 
by quenching. The as-grown crystal and the crystal annealed for 
Fig. 8. EPR spectra at room tempera-
ture of Snl_xMnxTe crystal with x=0.5 
at.%. Except "as-grown" sample, the 
isothermal annealing in Zn vapor at 
600 0 e for different times as indicated 
and quenching are made. The paren-
theses are the relative intensity 
ratio (see caption of Fig. 7). 
30 sec show a small angular dependent single line, while the crystals 
annealed for 5 min-2 hrs have angular independent, hyperfine-
resolved lines. But in this concentration, the annealing for 2 days 
leads to a narrowed EPR spectrum of a single line with slightly 
overlapping hyperfine structure (see also Fig. 3), indicating that 
some of Mn ions migrate to form some sort of "clusters" which in 
turn give rise to dipolar or exchange interactions between the 
impurity spins. We note that the spin resonance intensity is 
enhanced as the annealing times become longer. 
Finally, Fig. 9 compares the annealing atmosphere between vacuum 
and Zn vapor; the Snl_xMnxTe (x=0.5 at.%) crystals were annealed 
for 14 hrs (a) in vacuum and (b) in Zn vapor, followed by slow 
cooling from 600°C to room temperature per 10 hrs. The vacuum-
annealed sample shows also a complicated, angular dependent single 
line similar to the case of as-grown crystals, while the Zn-annealed 
sample shows almost the same line shape as observed in the annealed 
and quenched crystals (Fig. 3). 
Fig. 9. EPR spectra at room temperature 
of Snl_xMnxTe crystal with x=0.5 at.%, 
annealed at 600°C for 14 hrs (a) in 
vacuum or (b) in Zn vapor followed by 
slow cooling from 600°C to room 
temperature. The parentheses are the 
relative intensity ratio. 
IV. SUMMARY AND CONCLUSION 
(t 11) 
(a) 
Various types of isothermal annealing experiments of the Bridgman-
grown Sn1 _xMnxTe crystals have been made and the sample character-
ization has been examined by spin resonance and by magnetic suscept-
ibility measurements in the temperature range 77-300 K. The anneal-
ing conditions employed are Zn vapor or vacuum as an atmosphere, 
annealing temperature of 600°C, various annealing times up to 2 days, 
and quenching or slow cooling. In what follows we shall summarize 
the results and give a plausible explanation: 
1) The as-grown crystals involve a number of conduction carriers 
due to Sn vacancies in the crystals, which in turn induce lattice 
strains in the vicinity of the doped Mn impurities, resulting in 
angular dependent EPR signals. As is readily expected, the anneal-
ing in vacuum does not improve the removal of the induced lattice 
strains and Sn vacancies, and the EPR signals of Mn spins in the 
vacuum-annealed crystals are the same as in the as-grown crystals. 
2) However, the annealing in Zn vapor is found to be very effective 
for the reduction in the number of Sn vacancies (and thus carrier 
concentration) as well as lattice strains, leading to the detection 
of the six hyperfine-reso1ved lines for low Mn concentration and 
a single line for high Mn concentration. Furthermore, the Zn-anneal-
ing effect proceeds within several minutes. But the quenching 
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procedure is not very much different from the slow cooling process, 
at least from the viewpoint of EPR measurements (microscopic charac-
terization). This conclusion is important and is a little in 
contradiction to our previous model. In our earlier work,S) it is 
supposed that Mn ions in the as-grown crystals are located at inter-
stitial sites and are insensitive as the EPR centers, and only after 
isothermal annealing and quenching they occupy substitutional 
positions, becoming the EPR centers. 
3} Similarly, the present conclusion has been evidenced by the 
magnetic susceptibility measurements (macroscopic characterization 
compared to EPR studies), according to which both the as-grown and 
the annealed crystals show nearly equal paramagnetic behavior 
associated with the Mn impurities magnitude of the susceptibility, 
Curie constant, and spin quantum number). However, there still 
remain questions as to what positions the Mn ions do actually occupy 
in the as-grown and annealed crystals (interstitial or substitutional 
positions). More detailed studies will be required for understanding 
of structure sensitive properties of the degenerate magnetic 
semiconductor snl_xMnxTe. 
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